Summary. Granulocyte-macrophage colony-stimulating factor (GM-CSF) induces the proliferation and maturation of immature myeloid progenitor cells and primes mature cell function in phagocytes. To investigate whether the biochemical events following the binding of GM-CSF to its receptor are differentiation dependent we analysed GM-CSF mediated activation of the JAK 2-STAT 5 and MAP kinase pathways in undifferentiated HL-60 cells and HL-60 cells induced to differentiate with dimethyl sulphoxide (DMSO) or retinoic acid (RA). GM-CSF stimulated MAP kinase activation in both the undifferentiated and differentiated HL-60 cells. Activation of MAP kinase (expressed as a proportion of total cellular MAP kinase) was maximal at 5 min and of similar magnitude in both cell types. There was, however, a marked difference in the later kinetics of activation, with the response being transient in the undifferentiated cells and disappearing within 15 min, whereas it was prolonged and persisted for at least 60 min in the differentiated cells. GM-CSF mediated activation of STAT 5 was markedly increased (15-20-fold) after differentiation of HL-60 cells but the kinetics of activation did not change. The increase in STAT 5 activation was not due to a change in total cellular STAT 5 expression but correlated with increased JAK-2 protein levels. These data show that in the HL-60 cell model, differentiation modulates the activation of signalling molecules downstream of the GM-CSF receptor.
The receptor for the human haemopoietic cytokine granulocyte-macrophage colony stimulating factor (GM-CSF R) is expressed on primitive haemopoietic stem cells and cells of the myeloid lineage (Metcalf, 1985) . The GM-CSF R consists of a unique a chain (Gearing et al, 1989) , and a b chain (Hayashida et al, 1990) which is shared with the interleukin-3 (IL-3) and IL-5 receptors (Kitamura et al, 1991b; Tavernier et al, 1991) . The a chain is necessary for ligand binding whereas the b chain alone cannot bind GM-CSF, but when associated with the a chain, confers higher affinity binding (Kitamura et al, 1991a) and is also essential for signal transduction Sakamaki et al, 1992) . Occupancy of the GM-CSF R results in the rapid and reversible tyrosine phosphorylation of a number of cellular proteins, including the b subunits of the receptor (Duronio et al, 1992) . Since the GM-CSF R lacks any intrinsic tyrosine kinase activity itself, these events must be mediated by other cellular tyrosine kinases. Recent studies have indicated janus-activated kinase 2 (JAK 2) as the initiating tyrosine kinase in GM-CSF signal transduction (Watanabe et al, 1996) , JAK 2 binds to the conserved box 1 motif of the membrane proximal region of the b chain (Quelle et al, 1994; Watanabe et al, 1996) . On ligand binding the receptor chains aggregate and the associated JAK 2 tyrosine kinases become activated by transphosphorylation. JAK 2 in turn phosphorylates the b chain as well as signal transducer and activator of transcription (STAT) 5 proteins (Wakao et al, 1994; Gouilleux et al, 1995) which are recruited to the activated receptor complex. The STAT 5 proteins dimerize, forming active signal transducing factors which translocate to the nucleus, bind to DNA and initiate transcription of genes, including early response genes. JAK 2 activation has been shown to be essential for c-myc induction and mitogenesis (Mui et al, 1996) , whereas recent data suggests that STAT activation plays a more complex role in functional responses to cytokines. Studies using a dominant negative STAT 5 construct indicate that STAT 5 is involved in the induction of pim-1 and c-fos (Watanabe et al, 1996) , whereas the JAK 2/c-myc pathway is distinct and independent of STAT 5 (Mui et al, 1996; Watanabe et al, 1996) .
The membrane distal region of the b chain (Sakamaki et al, 1992; Sato et al, 1993) is essential for activating the Ras-MAP (mitogen activated protein) kinase pathway and tyrosine phosphorylation of this region enables the adaptor protein Shc to bind via its phosphotyrosine interaction domain (Blaikie et al, 1994) . Shc then becomes phosphorylated, and binds to Grb2 (Cutler et al, 1994) , which in turn recruits the Ras-guanine nucleotide exchange factor Sos, giving rise to an increase in GTP-bound Ras and the subsequent activation of Raf-1 leading to MAP kinase phosphorylation and activation (Carroll et al, 1990; Satoh et al, 1991; Okuda et al, 1992) . The membrane distal region of the b chain is also required for the activation of the nuclear proto-oncogenes c-fos and c-jun, although the optimal induction of c-fos appears to require signals from both membrane-proximal and membranedistal domains. The c-fos promoter has multiple regulatory elements, and, of these, the serum response element (SRE) contains the DNA binding sites for the serum response factor (SRF) and ternary complex factor (TCF) which are activated in response to the Ras-dependent pathways (Treisman, 1985) . Located upstream of the SRE are regulatory regions including the Sis-inducible element (SIE) (Wagner et al, 1990 ) which contain DNA consensus sequences for STAT binding. Studies using a transdominant c-fos mutant indicate that GM-CSF mediated activation of the c-fos promoter is essential for cell proliferation (Rajotte et al, 1996) .
GM-CSF has pleiotropic effects on myeloid cells, it induces both proliferation and commitment to differentiation in immature precursor cells as well as priming cell function in mature phagocytic cells (Gasson, 1991) . Since GM-CSF signalling appears to occur via the same pathways for both immature and mature cells, it is still unclear how the GM-CSF R can transduce signals resulting in such a variety of cellular responses.
The human HL-60 promyelocytic cell line (Collins et al, 1977) is a frequently used model of myelopoiesis because of its ability to differentiate into functionally mature phagocytes in the presence of specific inducers (Lubbert & Koeffler, 1988) . We have shown previously that GM-CSF stimulation results in the tyrosine phosphorylation of a broadly similar range of proteins in both the immature and mature HL-60 cells, but the kinetics and magnitude of the phosphorylation patterns are different (Roberts et al, 1994) . In the immature cells the response was rapid, transient and weak, whereas the response in the mature cells was prolonged and of greater intensity even in the presence of low GM-CSF concentrations, indicating that these differences were maturation-induced and not due to a change in receptor number or affinity. The target proteins phosphorylated by GM-CSF were not identified and in this study we have evaluated the differentiation-dependent activation of the JAK 2/STAT 5, STAT 1, STAT 3 and MAP kinase pathways.
MATERIALS AND METHODS
Cell culture and differentiation of HL-60 cells. The HL-60 promyelocytic leukaemia cell line was cultured in RPMI 1640 supplemented with 10% (vol/vol) fetal calf serum (FCS) (Gibco BRL, Paisley). HL-60 cells were differentiated for 5 d in the presence of either 1·25% (vol/vol) dimethyl sulphoxide (DMSO) or 1 mmol/l all-trans retinoic acid (RA) (Sigma, Poole, Dorset), after 3 d in culture the medium was changed. Functional maturation was assessed by the phorbol ester (12-O-tetradecanoyl-phorbol-13-acetate) [TPA]-stimulated nitroblue tetrazolium reduction test (NBT), as previously described (Roberts et al, 1989) .
Preparation of cell lysates. Cells were washed once in phosphate-buffered saline with calcium chloride (0·9 mmol/l) and magnesium chloride (0·5 mmol/l) (PBS) and resuspended at 1 × 10 7 cells/ml in PBS containing 5 mmol/l glucose (PBS/glucose). Cells were prewarmed for 5 min at 37ЊC before adding 10 ng/ml GM-CSF or PBS (final concentration). For phosphorylation studies, 100 ml samples were taken at timed intervals and the reactions were stopped with 2 mmol/l n-ethyl maleimide (NEM). Cells were pelleted by centrifugation at 10 000 g for 1 min and lysed in 50 ml of lysis buffer (20 mmol/l Tris-HCl pH 8·0, 137 mmol/l NaCl, 1 mmol/l MgCl 2 , 1 mmol/l CaCl 2 , 10% glycerol (vol/vol), 1% Nonidet P40 (vol/vol), 1 mmol/l b glycerophosphate, 5 mmol/l pyrophosphate, 2 mmol/l EDTA, 50 mmol/l sodium fluoride, 1 mmol/l sodium orthovanadate) containing the following protease inhibitors (20 mg/ml leupeptin, 20 mg/ml pepstatin, 20 mg/ml aprotinin, 1 mmol/l phenylmethylsulphonylfluoride [PMSF] ). 50 ml of 2× concentrated Laemmli's sample buffer was added and the samples boiled for 10 min.
Gel retardation assays (GRA) and Western blotting. Proteins equivalent to 1 × 10 5 cells per lane were separated by sodium-dodecyl-sulphate polyacrylamide gel electrophoresis (6% SDS-PAGE for STAT 1/3/5 analysis and 12% SDS-PAGE for MAP kinase analysis) on large gels (200 × 200 mm, 0·75 mm thick) and transferred to nitrocellulose membranes (Hybond C extra, Amersham International, Amersham, for STAT 1/3/5 analysis or Immobilon P, Millipore Corporation, Bedford, Mass., for MAP kinase anaysis) by Western blotting. Prestained protein standards (Rainbow markers, Amersham International) were used as molecular weight markers. Membranes were blocked overnight in TBST (10 mmol/l Tris-HCl pH 8·0, 150 mmol/l NaCl, 0·05% Tween-20) containing 5% nonfat dried milk, and incubated for 4 h at room temperature with the relevant antisera diluted to 0·2 mg/ml for STAT 1 E-23, 0·5 mg/ml for STAT 3 C-20, 0·5 mg/ml for STAT 5b C-17 or 0·2 mg/ml for Erk-2 C-14 (Santa Cruz Biotechnology Inc., Santa Cruz, Calif.) in 5% nonfat dried milk/TBST. Membranes were washed four times in TBST and incubated with a 1:2500 dilution of peroxidase-conjugated goat-anti-rabbit antisera (Dako Ltd, High Wycombe, Bucks.) for 1 h at room temperature. After four further washes in TBST and one wash in TBS, the blots were developed by enhanced chemiluminescence (Amersham International) and analysed by autoradiography.
Analysis of JAK 2 activation. Cells were incubated with 10 ng/ml GM-CSF for 5 min at 37ЊC and reactions stopped with 2 mmol/l NEM. 5 × 10 6 cells were centrifuged at 10 000 g for 1 min and pellets solubilized by incubating with 250 ml of lysis buffer plus kinase, phosphatase and protease inhibitors for 60 min at 4ЊC. Supernatants were collected by centrifugation and the solubilized proteins were immunoprecipitated overnight at 4ЊC, with 2 mg of the rabbit-anti-mouse JAK 2 antibody (Upstate Biotechnology Incorporated, Lake Placid, New York). After incubation 50 ml of 50% protein A agarose (in lysis buffer) was added and incubated end-over-end for 2 h. The agarose was pelleted by centrifugation at 10 000 g for 5 min and washed four times with 1 ml of lysis buffer per wash. The final pellets were resuspended in 30 ml of 2× concentrated Laemmli's sample buffer and boiled for 10 min. Samples were run on SDS/7% polyacrylamide gels and analysed by Western blotting as described above using either an antiphosphotyrosine antibody, PY20 (Santa Cruz Biotechnology Inc.) or anti-JAK 2 antibody.
Analysis of STAT activation. Cells (1 × 10 7 /sample) were resuspended in PBS/glucose and stimulated with and without GM-CSF for timed intervals up to 1 h, the reactions were stopped with NEM. All subsequent steps were carried out at 4ЊC. Cells were incubated for 30 min with 1 mmol/l diisopropyl fluorophosphate (DIFP) (Sigma) in PBS. Cells were pelleted and whole cell extracts (WCE) or nuclear extracts (NE) were prepared. Protein concentrations were measured using the Bradford assay (BioRad Laboratories Ltd, Hemel Hempstead, Herts.). The amount of cellular STAT 5 was assessed by Western blotting of whole cell lysates equivalent to 1 × 10 5 cells per lane, probed with the anti-STAT 5b antibody C-17. Activated STAT was measured by GRA or electrophoretic mobility shift assays (EMSA). GRAs were carried out as described above, proteins were separated by SDS/6% PAGE at 150 V for 8 h, followed by Western blotting using either the E-23 STAT 1, C-20 STAT 3 or the C-17 STAT 5 antibody. Activated (phosphorylated) STAT appeared as a band of retarded mobility.
For EMSA, activation was assessed by the ability to bind to double-stranded oligonucleotide probes corresponding to the mammary gland factor binding sequence 5 0 -AGATTTCTAG-GAATTCAATCC-3 0 from the bovine b casein gene for STAT 5 or the high-affinity SIE sequence m67 5 0 -GTCGA-CATTTCCCGTAAATCGTCGA-3 0 from the c-fos gene for STAT 1 and 3. The probes were labelled by phosphorylation with [g-32 P]ATP (Amersham International) and T4 polynucleotide kinase (Promega Corporation, Madison, Wis.). Cell extracts (10 mg WCE or 7 mg NE) were incubated with the following buffers; buffer A (10 mmol/l Tris HCl, pH 7·5, 50 mmol/l NaCl, 0·1 mmol/l EDTA, 1 mmol/l DTT, 5% glycerol (vol/vol), 0·1% NP-40 (vol/vol), 1 mg/ml BSA) for STAT 5 binding or buffer B (13 mmol/l HEPES pH 7·6, 80 mmol/l NaCl, 3 mmol/l NaF, 3 mmol/l Na 2 MoO 4 , 1 mmol/l dithiothreitol, 8% glycerol (vol/vol), 0·15 mmol/l EDTA, 0·15 mmol/l EGTA) for STAT 1 and 3 binding and the following; 1 mg salmon sperm DNA, 0·5 mg Poly (dI-dC), 0·5 mmol/l PMSF, 2 mg/ml aprotinin, 1 mg/ml pepstatin A, 1 mg/ml leupeptin in a final volume of 30 ml. Samples were incubated at 4ЊC for 20 min, 250 pg of labelled probe was added and the binding reaction continued for a further 15 min at room temperature. The DNA-protein complexes were separated by electrophoresis on a 4% polyacrylamide, 0·25 × TBE gel for STAT 5 analysis with the addition of 5% glycerol (vol/vol) for STAT 1 and 3 analysis. The gels were pre-run for 1 h, at 150 V, 4ЊC. The samples were loaded and electrophoresis was continued for a further 3 h. The gels were dried onto Whatman 3MM paper and visualized by autoradiography.
Analysis of MAP kinase phosphorylation. MAP kinase activation was measured by GRAs. Proteins were separated by SDS/12% PAGE for 15 h at 120 V followed by Western blotting using an anti-Erk 2/p42 antibody. Activated (phosphorylated) MAP kinase appeared as a band of retarded mobility.
RESULTS

GM-CSF stimulation of the JAK 2/STAT 5 pathway
Kinetics of JAK 2 phosphorylation. Undifferentiated HL-60 cells, and HL-60 cells differentiated with RA for 5 d (NBT ¼ 78% positive), were stimulated with a saturating concentration of GM-CSF for timed intervals up to 1 h. Cells were then lysed and immunoprecipitated with an antiserum to JAK 2 for detection of total cellular and tyrosine phosphorylated JAK 2. The amount of cellular JAK 2 was 3-fold greater in the differentiated cells (n ¼ 3) (Fig 1b) than the undifferentiated cells (Fig 1a) . GM-CSF stimulation did not result in JAK 2 phosphorylation in the undifferentiated HL-60 cells (n ¼ 3) (Fig 1c) , whereas it induced rapid and prolonged tyrosine-phosphorylation in the differentiated cells, with maximum activation occurring within 5 min and still being detectable after 30 min of stimulation with GM-CSF (Fig 1d) .
Activated STAT 1 and STAT 3 levels in undifferentiated and differentiated HL-60 cells. GM-CSF-mediated activation of STAT 1 and STAT 3 has been shown to occur in both the erythroleukaemic cell line TF-1 and in neutrophils (Brizzi et al, 1996; Rajotte et al, 1996) . Therefore the activation status of STAT 1 and STAT 3 were investigated in undifferentiated and HL-60 cells differentiated with RA for 5 d by gel retardation assays (GRA) (n ¼ 1) of whole cell lysates following stimulation with a saturating concentration of GM-CSF for timed intervals up to 1 h and by EMSA (n ¼ 3) of nuclear extracts following stimulation with and without 10 ng/ml GM-CSF for 5 min. GM-CSF-induced activation of STAT 1 or STAT 3 was not detectable in either the undifferentiated or the differentiated HL-60 cells by GRA or EMSA (data not shown). Although no GM-CSF-mediated activation of STAT 3 was detectable by EMSA in the HL-60 cells, it was detectable at low levels in the TF-1 cell line. 
Activated STAT 5 levels in undifferentiated and differentiated HL-60 cells.
Immature HL-60 cells, and cells differentiated in the presence of RA for 5 d, were stimulated with a saturating concentration of GM-CSF, and activated STAT 5 was measured in whole cell and nuclear extracts using an EMSA. Prior to GM-CSF stimulation, no activated STAT 5 was detected, but this became apparent in both differentiated and undifferentiated cells within 5 min of the addition of GM-CSF and was still detectable after 1 h (n ¼ 2) (Fig 2a) . There was no difference in the kinetics of GM-CSF-mediated activation of STAT 5 in the two cell types, but much more activated STAT 5 was detected in the differentiated cells compared to the undifferentiated cells in both whole cell and nuclear extracts. A representative STAT 5 mobility shift assay (of five experiments) of undifferentiated and differentiated HL-60 whole cell extracts is shown in Fig 2(b) . GM-CSF induced 10-20-fold more STAT 5 activation in the differentiated cells compared to the undifferentiated cells. Similar results were observed for both the amount and kinetics of STAT 5 activation in HL-60 cells differentiated with 1·25% DMSO (data not shown). Assessment of total STAT 5 protein by Western blotting (n ¼ 3) showed no difference between undifferentiated and differentiated cells (Fig 2c) , and did not account for the differences in the amount of GM-CSF-activated STAT 5. Exposure of HL-60 cells to GM-CSF results in phosphorylation of STAT 5 which causes retardation of the STAT 5 band on the Western blot, as can be seen in Fig 2(c) . The amount of STAT 5 phosphorylated was much greater in the differentiated cells than the undifferentiated cells which correlates with the results shown by EMSA in Fig 2(b) . Similar results were again seen with HL-60 cells differentiated with DMSO (data not shown). (Roberts et al, 1994) , and to exclude the possibility that the differentiation-associated changes in STAT 5 activation merely represented a change in the number of GM-CSF receptors occupied by ligand, a GM-CSF dose-response curve was established. Fig 3 shows a STAT 5 EMSA of undifferentiated and differentiated HL-60 cells (RA 84% NBT positive, or DMSO 48% NBT positive) after stimulation using limiting and saturating GM-CSF concentrations. In all three cases activation was first observed after stimulation with 1 ng/ml GM-CSF, with the maximal level of stimulation occurring with 10 ng/ml GM-CSF. These results suggest that the differentiation-associated increase in STAT 5 activation is not due to the change in receptor number.
Effects of different GM-CSF concentrations on STAT 5 activation. It is known that differentiation of HL-60 cells is associated with an increase in GM-CSF receptor numbers
GM-CSF activation of the MAP kinase pathway
Kinetics of MAP kinase (Erk 2/p42) activation. The relative amounts of activated and total cellular MAP kinase were measured in undifferentiated and differentiated HL-60 cells (RA 72% NBT positive) before and after GM-CSF stimulation. The amount of activated MAP kinase was not grossly different in the two cell types but the kinetics of activation differed as shown in Figs 4(a) and 4(b) (representative of four experiments). MAP kinase activation was rapid in both undifferentiated and differentiated cells being maximal at approximately 5 min; however, more activation was observed within 1 min in the undifferentiated cells than in the differentiated cells. In the undifferentiated cells the phosphorylation of MAP kinase was transient and disappeared within 15 min, whereas in the differentiated HL-60 cells the phosphorylated MAP kinase band could still be detected at 1 h.
Effects of different GM-CSF concentrations on the kinetics of MAP kinase (Erk 2/p42) activation. Time courses of
GM-CSF-mediated MAP kinase activation were performed for undifferentiated and differentiated HL-60 cells (RA 81% NBT positive) using either 0·1 ng/ml (7 pM), 1 ng/ml (70 pM) or 10 ng/ml (700 pM) GM-CSF which gave an estimated receptor occupancy of 15%, 60% and 90% respectively (Fig  5) . In the undifferentiated cells the maximal response (46% of total cell Erk 2 phosphorylated) was seen at a GM-CSF concentration of 10 ng/ml, which equates to approximately 269 high-affinity receptors occupied by ligand per cell (Khwaja et al, 1993) . At a concentration of 1 ng/ml calculated to occupy 179 high-affinity receptors per cell the amount of phosphorylated Erk 2 was lower (16% of the total Erk 2 protein), but the lower dose of GM-CSF did not alter the kinetics of MAP kinase activation. In the differentiated cells the maximal response was again seen at 10 ng/ml (54% phosphorylated Erk 2) calculated to occupy 582 high-affinity receptors, whereas stimulation with the lower concentration of 1 ng/ml GM-CSF resulted in less MAP kinase activation (42% phosphorylated Erk 2) but the activation was still prolonged (30-60 min) as at the higher concentration. This concentration of GM-CSF was calculated to occupy 388 receptors per cell which is similar to the number of receptors occupied by 10 ng/ml in the undifferentiated cells. At 0·1 ng/ml of GM-CSF no phosphorylation of Erk 2 was observed in either the undifferentiated or differentiated HL-60 cells. These results suggest that the number of GM-CSF receptors occupied may play a role in the magnitude of the activation but does not grossly influence the kinetics of activation.
DISCUSSION
The HL-60 promyelocytic cell line has been extensively used as a model to examine the expression and function of the GM-CSF receptor during myeloid differentiation (Lubbert & Koeffler, 1988) . In this study undifferentiated and differentiated HL-60 cells were stimulated with GM-CSF and the downstream signalling events from the GM-CSF R examined. GM-CSF stimulation of undifferentiated and differentiated HL-60 cells resulted in both STAT 5 and MAP kinase activation but no detectable STAT 1 or STAT 3 activation.
Previous studies have shown that GM-CSF can induce activation of both STAT 3 and STAT 5 in TF-1 cells and STAT 1 and STAT 3 in neutrophils. In the TF-1 cell line activation of both STAT 3 and the SRF/TCF complex was shown to be necessary for maximal c-fos induction, with STAT 3 binding to the SIE and SRF/TCF binding to the SRE sites of the c-fos promoter (Rajotte et al, 1996; Brizzi et al, 1996) . Other studies indicated that STAT 5 is the major STAT involved in GM-CSF-mediated signal transduction and it is also necessary for maximal c-fos induction, with the STAT 5 binding site being located upstream of the SIE site of the c-fos promoter (Watanabe et al, 1996; Mui et al, 1996) . In our study we were unable to detect any STAT 1 or STAT 3 activation in either the undifferentiated or the differentiated HL-60 cells, whereas STAT 5 was activated in both the immature and mature cells. These results do not exclude very low levels of STAT 1 or 3 activation but indicate that STAT 5 is the major STAT activated in response to GM-CSF in HL-60 cells. Although we detected GM-CSF-mediated STAT 3 activation in TF-1 cells (data not shown), this was again minor compared to GM-CSF. Less STAT 5 was activated in the undifferentiated HL-60 cells than in the differentiated HL-60 cells, despite equivalent amounts of STAT 5 protein and similar kinetics of activation, with the activation being rapid and persisting for up to 1 h following GM-CSF stimulation. The low level of STAT 5 activation observed in the undifferentiated HL-60 cells may explain why GM-CSF mediated c-fos induction is undetectable in undifferentiated HL-60 cells and only occurs in differentiated HL-60 cells (Roberts et al, 1994) .
Analysis of the amount of cellular JAK 2 protein revealed much less JAK 2 expression in the undifferentiated cells than the differentiated cells, which might account for the inability to detect any tyrosine phosphorylation of JAK 2 and also the low levels of activated STAT 5 in the undifferentiated cells. This would imply that JAK 2 activation is the limiting event for signal transduction by GM-CSF in the undifferentiated cells. The finding of differentiation associated up-regulation of JAK 2 beyond the promyelocytic stage is of considerable interest and studies on primary promyelocytes are required to ascertain the biological significance of this observation.
It is possible that the differentiation-linked changes in GM-CSF signal transduction observed in HL-60 cells may be related to the higher level of GM-CSF receptor expression in the more differentiated cells. In a previous study we found that the number of low and high affinity receptors per cell on undifferentiated cells was 1231 Ϯ 398 and 299 Ϯ 98 respectively, rising to 2366 Ϯ 788 and 647 Ϯ 249 respectively after 6 d culture in DMSO (Roberts et al, 1994) . A similar increase in GM-CSF receptor number was reported after 5 d culture in RA (Budel et al, 1993) . Stimulation of undifferentiated and differentiated HL-60 cells with saturating and non-saturating GM-CSF concentrations indicated that activation of STAT 5 and MAP kinase was seen in both cell types with 1 ng/ml but not 0·1 ng/ml GM-CSF. At a concentration of 1 ng/ml GM-CSF, calculated to occupy 60% of the receptors, there was a difference in the magnitude of activation of STAT 5 and MAP kinase, with the differentiated cells resulting in a greater signal. Stimulation with the lower concentration of 1 ng/ml GM-CSF did not change the kinetics of activation, with the differentiated cells still having prolonged MAP kinase activation and the undifferentiated cells still having rapid but transient activation. These results indicate that the JAK 2/STAT 5 and MAP kinase pathways are separately regulated.
This prolongation of MAP kinase activation seen with differentiation in the HL-60 cells could have important downstream effects. In the phaeochromocytoma PC12 cell line, epidermal growth factor (EGF) results in transient MAP kinase (Erk 2) activation and is associated with cellular proliferation, whereas nerve growth factor results in prolonged activation, translocation of MAP kinase to the nucleus and differentiation. This difference in the kinetics of MAP kinase activation could reflect the different signal transduction pathways leading to Ras activation that are activated by the different receptors (Marshall, 1995) . When the EGF R is overexpressed in these cells there is sustained MAP kinase activation and differentiation ensues (Countaway et al, 1992) . It is therefore possible that the change in the kinetics of GM-CSF-mediated MAP kinase activation associated with differentiation that was observed in our study is at least in part due to the change in highaffinity receptor expression. However, in the differentiated HL-60 cells, suboptimal concentrations of GM-CSF, calculated to occupy a broadly similar number of high affinity receptors as optimal (10 ng/ml) levels of GM-CSF in the undifferentiated cells, still resulted in sustained MAP kinase activation. This is in accord with previous data on GM-CSF-mediated phosphorylation patterns in differentiated HL-60 cells (Roberts et al, 1994) and suggests that differentiation-linked changes other than up-regulation of GM-CSF receptors may also partake in the modulation of the kinetics of the MAP kinase response.
These data indicate that the differentiation status of a cell may influence the kinetics of MAP kinase activation and that the JAK 2/STAT 5 pathway and the Ras/MAP kinase pathway are independently regulated. These studies highlight some mechanisms for the observation that a single cytokine has different effects at different stages of cell maturation.
